The interaction of disturbances in supersonic boundary layer is considered within the framework of the weakly nonlinear stability theory for the Mach number M = 2 on the solid and porous surfaces. The interrelations in several triplets composed of two-and three-dimensional waves at the frequencies related by the phase synchronization conditions were modelled. It was found that their interactions on the solid surface are much stronger in the asymmetric triplet. It was found that on a porous surface, the linear increments of vortex disturbances increase considerably, the region of dangerous frequencies widens, and the spatial extension of the existence of growing oscillations increases. Nonlinear interactions are, as a rule, much more intense in comparison with the case of an solid surface; they realize in a broad frequency range, which results to a broadband growth of the Tollmien Schlichting subharmonic vortex waves. An increase in the surface porosity leads to the intensification of nonlinear processes.
Introduction
The practical need of affecting the character of the flow and the problem of obtaining the given flow characteristics make using various active and passive techniques of controlling the boundary layers. Among them there is the use of various flexible, wavy, porous, heated and cooled surfaces, the distributed and slot aspiration and suction
In the present work a theoretical investigation of the peculiarities of the development of vortex disturbances at the linear and nonlinear stages of the evolution in supersonic boundary layer of an solid and porous surfaces has been carried out for the Mach number М = 2. The variation of the characteristics of disturbances on a plate was considered at the linear stage for different porosity degrees, and we further simulate within the framework of the weakly nonlinear stability theory the interaction of vortex disturbances in threewave resonance systems the triads composed of various two-and three-dimensional oscillations.
Such investigations carried out for the hypersonic regime М > 5 showed that the main peculiarities accompanying the initial stages of the stability loss and transition are described sufficiently completely by the mathematical apparatus developed in this section of mechanics [1, 2] and correspond to the data of experiments [3] . All the above-said was the reason for conducting such a research in supersonic regimes at moderate Mach numbers, when only the vortex oscillations are selected in the flow. The understanding of the nature of physical processes following the nonlinear evolution of unstable disturbances in such boundary layers can, besides the important fundamental importance for the given flow type, help at the analysis of similar interactions at hypersonic velocities.
Basic formulas and methods
The basic assumptions of the nonlinear model of the interaction in three-wave resonance systems for compressible boundary layers were presented in detail in [4 6 ]. We present some necessary assumptions. Denote by the fluctuation field scale ( << 1). A disturbed field of the velocities, density, pressure, and temperature of the compressible gas is considered:
in a dimensionless Cartesian coordinate system X, Y, Z =(x,y,z)/ , where =( e x/U e ) 1/2 is the reference scale, e is the index of the parameters at the external edge of the boundary layer. The quantities with primes and without the primes are the fluctuation and mean components of corresponding quantities. The solution is constructed with the aid of the expansion in the small parameter and the two-scale expansion of the streamwise coordinate. Besides the "rapid" scale Х, a "slow" scale X is introduced, which is justified by a big difference between the velocities of the change of the phase and amplitudes of disturbances.
Wave solutions are sought in the form
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are the proper amplitude functions of the streamwise, normal, and transversal (lateral) components of wave velocities, the pressure and temperature disturbances, A is the slowly varying amplitude, c. c. are the complex conjugate quantities, ,
is the increment, the real frequency 2, f the wave numbers , and the frequency are related by the dispersion relation ( , ) according to the linear theory.
From the full system of the equations of motion and conservation for compressible gas, we obtain for the vector function Z within the framework of the weakly nonlinear theory the following recurrence system for disturbances [4] :
the boundary conditions for which will be considered below. The linear operator L has the form (the coefficients of F on the right-hand sides are equal to zero)
Here М is the Mach number at the external boundary, y = c p /c v is the adiabatic exponent, = c p e /k is the Prandtl number, k is the thermal conductivity coefficient, M is the sum of nonlinear terms of the governing equations.
The boundary conditions for disturbances at the solid surface have the form
Consider the boundary conditions for a porous surface. At high values of the normal coordinate Y, these are the conditions for disturbances decay at infinity; as in (4) , on the wall Y = 0 these are u, w, = 0, as well as the relation v(0) = Kp(0) obtained from the motion equation and the permeability law [2, 7, 8] .
A number of models were proposed to construct the coefficient K. In the present work, we make use of the model from the works [7, 8] . It considers a perforated plate with the diameter of cylindrical pores 1 r and the distances between them, which are small in comparison with the boundary layer thickness. The pores are oriented along the normal to the surface. It was obtained that K = n th( H)/Z 0 , where n is the porosity, Н is the porous coating thickness, is the propagation constant, Z 0 is the characteristic impedance. By analogy with the electroconductive line [9] , the quantities and Z 0 are expressed in terms of the pipe element impedance Z 1 and the coefficient characterizing the compression energy reserve and the losses due to the heat transfer to the walls W. These acoustic parameters characterize the relation between the volumetric velocity being average over the pipe (pore) section and the pressure. It was obtained that in the dimensionless form [7] :
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Here I 0 and I 2 are the Bessel functions of the zero and second orders.
In the first order in the homogeneous system (3) is the basis for finding the eigenvalues at given , and Reynolds numbers Re x = x/ (Re = Re x ) as well as for constructing the proper amplitude functions of linear waves (1) at an indefinite A. In the weakly nonlinear theory, the above parameters are assumed to be sought, the nonlinearity affects only the wave amplitude A.
The process of paired interaction of the waves in the third wave field under the conditions of the synchronization of their phases j = k + l underlies the resonance model. In the second order of , one can find from inhomogeneous equations (2) the higherorder disturbances 1 Z as well as construct the amplitude equations for resonance triads by using the solvability conditions.
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ISBN: 978-1-61804-026-8 225 For each wave mode, the dimensionless frequency parameter F related to the frequency by the dependency = ReF was introduced for convenience, and also the reduced dimensionless wave number b = 10 3 /Re remained constant. Both the plane two-dimensional (2D) waves with = 0 and the oblique threedimensional (3D) waves with different 0 are considered in the present work.
We consider the obtained results after these necessary explanations.
Results and discussion
The attachment to the experiments was made in computations. The experiments were conducted in the boundary layer of a plate at the freestream Mach number M = 2 and the unit Reynolds number R 1 = 6.5 10 6 m 1 . The artificial modulated disturbances were introduced in the flow by a spark source so that the signals were revealed on the oscillograms of the downstream fluctuations at the harmonic frequency (f G = 20 kHz) and at the subharmonic frequency (f S = 10 kHz). In the dimensionless form, these frequencies corresponded to the frequency parameters f G = 0. (digits 1 3) . It was found that the increments of all waves on the porous surface increase, and this means that the spatial growth rates are increasing. The spatial regions of the existence of the growing evolution regions also increase considerably. If the point of the neutral curve upper branch for the harmonic on the solid surface lies in the neighborhood of Re ~ 1050, then it shifts on the porous surface into the region Re ~ 3000. The same trend (although not so explicitly) is observed also for subharmonic components.
The same dependencies are presented in subsequent figures for the components 2 4 of the triplets Nos. 2-4, in Fig. 2 , a they are shown for the two-dimensional (curves 1) and three-dimensional (curves 2) harmonics, and in Figure 3 shows the influence of the porosity degree n on the increments of the first triplet. The family G determines the dependencies for the harmonic, the family S 1 determines the dependencies for the first subharmonic, and the family S 2 determines the dependencies for the second subharmonic. Digits 1 3 mark here the data for n = 0.25, 0.5, and 0.75. It becomes evident that a porosity increase destabilizes more strongly the disturbances of all triplet components, and this manifests itself especially in wave parameters at a higher frequency.
One can formulate the following hypothesis on the reasons of such an influence of the porosity: because of the fact that on such a wall in the near-wall region, the normal wave component differs from zero, the force characteristics of the Reynolds stresses increase. As a result a more powerful vortex forms in the near-wall layer and the waves related to it enhance and grow more rapidly.
At the modelling, the initial intensity of the fluctuations of the mass velocity of the harmonic component was chosen predominant and equal to 0.1 % of the mean value of U. The initial intensities of subharmonic components were, as a rule, lower by an order of magnitude. Threshold values of the intensities of the onset of nonlinear interactions were different for different triplets, for example, for the first triplet, this value was 0.01 % of the mean U for the harmonic, and for other triplets, it was much higher.
The following figures directly illustrate the nonlinear interaction in different three-wave systems. A system for data representation was chosen in the form of the ratio I n /I lin , one can immediately see in the figure the relation between the nonlinear (n) and linear (lin) processes. Figure 4 shows the data for the first triplet. It was found that the nonlinear interaction realizes therein in the parametric pumping regime. The harmonic (digit 1) component is the pumping wave, which develops according to the linear law both on the solid (dashed) and on the porous (solid lines) surfaces.
It was found that only the first subharmonic marked by digit 2 grows nonlinearly in the given triplet. This growth starts manifesting itself already at low Re numbers and is substantial on the both surfaces. The growth rate of this component in the nonlinear region is more significant on the porous surface. One can only suppose that a preferable amplification of this subharmonic in the given triplet is related to its low linear increments. The second subharmonic (digit 3) develops according to a purely linear law.
According to system (5), the spatial evolution of the amplitudes of the triplets components is determined by both linear amplification in accordance with their increments i (the first terms in the right-hand sides of equations) and by nonlinear additions represented by the mutual influence coefficients S. One can only suppose that a preferable nonlinear amplification of the first subharmonic in the given triplet is related to its low linear increments , i which one can clearly see in Fig. 3 (family S 1 ) , and to the prevailing of the nonlinear term in this sum.
For the second subharmonic (family S 2 , see Fig.  3 ), linear increments are fairly high as compared to the first one, which just determines a relative predomin-ance of linear amplification in the process of the streamwise evolution of this component. An investigation of the influence of the porosity degree n on nonlinear interaction was conducted for the asymmetric triplet. The values n = 0.25, 0.5, and 0.75 were considered, the increments for the given degrees are shown in Fig. 3 . For this variant, the initial intensities of subharmonics were somewhat lower than in the above-considered case. Fig. 5 shows the relative intensities of the first subharmonic in the nonlinear region. As was to be expected an increase in the surface porosity intensifies the nonlinear growth of this component.
The following figures directly illustrate the nonlinear interaction in different three-wave systems. A system for data representation was chosen in the form of the ratio I n /I lin , one can immediately see in the figure the relation between the nonlinear (n) and linear (lin) processes. Figure 4 shows the data for the first triplet. It was found that the nonlinear interaction realizes therein in the parametric pumping regime. The harmonic component is the pumping wave, which develops according to the linear law both on the solid (dashed) and on the porous (solid lines) surfaces. It was found that only the first subharmonic marked by digit 2 grows nonlinearly in the given triplet. This growth starts manifesting itself already at low Re numbers and is substantial on the both surfaces. The growth rate of this component in the nonlinear region is more significant on the porous surface. One can only suppose that a preferable amplification of this subharmonic in the given triplet is related to its low linear increments. The second subharmonic (digit 3) develops according to a purely linear law. According to system (5), the spatial evolution of the amplitudes of the triplets components is determined by both linear amplification in accordance with their increments i (the first terms in the right-hand sides of equations) and by nonlinear additions represented by the mutual influence coefficients S. One can only suppose that a preferable nonlinear amplification of the first subharmonic in the given triplet is related to its a: for the 2D harmonic (1) and the 3D subharmonic (2) of the triplet 2 on a porous surface for n = 0.5 (2) and for the solid surface (the dashed line); b: for the 2D harmonic (1) and 2D subharmonic (2) of the triplet 4 (n = 0.5); low linear increments , i which one can clearly see in Fig. 3 (family S 1 ) , and to the prevailing of the nonlinear term in this sum.
For the second subharmonic (family S 2 , see Fig.  3 ), linear increments are fairly high as compared to the first one, which just determines a relative predomin- ance of linear amplification in the process of the streamwise evolution of this component. An investigation of the influence of the porosity degree n on nonlinear interaction was conducted for the asymmetric triplet. The values n = 0.25, 0.5, and 0.75 were considered, the increments for the given degrees are shown in Fig. 3 . For this variant, the initial intensities of subharmonics were somewhat lower than in the above-considered case. Figure 5 shows the relative intensities of the first subharmonic in the nonlinear region. As was to be expected, an increase in the surface porosity intensifies the nonlinear growth of this component.
Nonlinear interactions in triplets Nos. 2 and 4 ( Fig.  6, a, b ) proceed similarly to this scenario. Due to symmetry it is enough to watch therein the behavior of only one subharmonic (digit 2 in Fig. 6 ). The given initial intensity of the harmonic component on the solid surface proves to be lower than the threshold one, and purely linear processes determine the behavior of all waves. Nonlinear interactions are noticeable only on a porous surface, they realize in the same regime of the parametric pumping and lead to the amplification of subharmonic components, and the three-dimensional subharmonic (Fig. 6, a) is amplified much earlier and more strongly than the two-dimensional one (Fig. 6, b) .
A comparison of the intensities of nonlinear processes in triplet 1 and triplets 2 and 4 confirms a conclusion about the priority of the asymmetric (experimental) triplet in the nonlinear region.
Nonlinear interactions in triplet 3 differ considerably from the ones considered above, and the evolution of waves therein may be termed anomalous.
CONCLUSIONS
Nonlinear interactions in supersonic boundary layers were found to realize in most cases in the parametric resonance regime. The wave at a higher frequency (the harmonic) is the pumping wave, the process passes with a preferable amplification of subharmonic components having moderate increments in the linear region. Nonlinear interactions are as a rule much more intense on the porous surface, they realize in a wide frequency range, which leads to a broadband growth of subharmonic vortex waves.
It was found that there exist the triplets in which relatively weak nonlinear interactions realize between the waves in the redistribution regime, which leads to a minor decay of the harmonic and to a slight amplification of subharmonic components.
